A hallmark of clear cell renal cell carcinoma (ccRCC) is the presence of intracellular lipid droplets (LD) and it is assumed that phosphatidic acid (PA) produced by phospholipase D (PLD) plays some role in the LD formation. However, little is known about the significance of PLD in ccRCC. In this study, we examined the expression levels of PLD in ccRCC. The classical mammalian isoforms of PLD are PLD1 and PLD2, and the levels of both mRNA were higher at the primary tumor sites than in normal kidney tissues. Similarly, both PLD were significantly abundant in tumor cells as determined by analysis using immunohistochemical staining. Importantly, a higher level of PLD was significantly associated with a higher tumor stage and grade.
A hallmark of clear cell renal cell carcinoma (ccRCC) is the presence of intracellular lipid droplets (LD) and it is assumed that phosphatidic acid (PA) produced by phospholipase D (PLD) plays some role in the LD formation. However, little is known about the significance of PLD in ccRCC. In this study, we examined the expression levels of PLD in ccRCC. The classical mammalian isoforms of PLD are PLD1 and PLD2, and the levels of both mRNA were higher at the primary tumor sites than in normal kidney tissues. Similarly, both PLD were significantly abundant in tumor cells as determined by analysis using immunohistochemical staining. Importantly, a higher level of PLD was significantly associated with a higher tumor stage and grade.
Because PLD2 knockdown effectively suppressed the cell proliferation and invasion of ccRCC as compared with PLD1 in vitro, we examined the effect of PLD2 in vivo.
Notably, shRNA-mediated knockdown of PLD2 suppressed the growth and invasion of tumors in nude mouse xenograft models. Moreover, the higher expression of PLD2 was significantly associated with poorer prognosis in 67 patients. As for genes relating to the tumor invasion of PLD2, we found that angiogenin (ANG) was positively regulated by PLD2. In fact, the expression levels of ANG were elevated in tumor tissues as compared with normal kidney and the inhibition of ANG activity with a neutralizing antibody significantly suppressed tumor invasion. Overall, we revealed for the first time that PLD2-produced PA promoted cell invasion through the expression of ANG in ccRCC cells. Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine into phosphatidic acid (PA) and choline. The classical mammalian isoforms of PLD are PLD1 and PLD2. 4, 5 As a lipid second messenger, PA produced by PLD plays roles in numerous essential
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cellular functions, such as vesicular trafficking, exocytosis, autophagy and the regulation of cellular metabolism. 6 A hallmark of clear cell RCC (ccRCC), the most common histological type of RCC, is the presence of intracellular lipid droplets (LD), which consist of a neutral lipid core containing triglycerides and cholesterol-esters surrounded by a phospholipid monolayer. 7 Although it has been reported that PA produced by PLD promotes the formation of intracellular LD, [8] [9] [10] Wettersten et al 11 showed that LD was lost in the high grade Fuhrman 4 or spindle cell type. Interestingly, a previous report showed that the expression and the activity of PLD2 was elevated in ccRCC; 12 however, little is known about the roles of PLD in the tumor progression of ccRCC.
We previously reported the significant roles of PLD1 in the tumor microenvironment of a mouse melanoma lung metastasis model, showing that the administration of the PLD inhibitor led to a significant reduction of tumor angiogenesis and metastases. 13 Importantly, the elevated expression and the activity of PLD were associated with cancer proliferation, 14 survival, 15 invasion and metastasis [15] [16] [17] [18] in a series of human cancers.
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Based on the above findings, we have examined the roles of PLD in the tumor progression of ccRCC. In this report, it was revealed that PLD2 promoted tumor growth and the invasion of ccRCC cells, and the level of PLD2 in a tumor specimen was significantly correlated with the prognoses of patients. Moreover, we clarified a new mechanism of PLD2-mediated cell invasion through the induction of angiogenin (ANG The patient characteristics of tumor stages were assigned according to the TNM staging of the Union for International Cancer
Control. 20 Pathological grades were classified according to the 4-tiered Fuhrman grading system. 21 The characteristics of the patients are summarized in Table S1 .
| Immunohistochemistry
Formalin-fixed and paraffin-embedded specimens were cut into 4-lm-thick sections. The sections were deparaffinized and rehydrated. For antigen retrieval, the sections were pretreated by microwave for 21 minutes in a citric acid buffer. 
| Quantitative RT-PCR
Gene expression levels were quantitatively measured using a 7500
Fast Real-Time PCR machine with Fast SYBR Green Master Mix (Applied Biosystems). Hypoxanthine phosphoribosyltransferase 1 (HPRT) was used as an internal control. The primer sequences were listed in Table S3 .
| Western blot analysis
Western blot analysis was carried out as described previously. 22 The primary antibody concentrations used for western blot analysis are listed in Table S4 . As a secondary antibody, anti-rabbit or antimouse immunoglobulin G, HRP-linked whole donkey Ab (GE Healthcare), was used at 1:10 000. Western blots were visualized with ImmunoStar Zeta (Wako, Tokyo, Japan) using a Fujifilm LAS-4000 imager (Fujifilm, Tokyo, Japan). b-actin was used as an internal control. 
| Construction of plasmids
The shRNA for PLD2 characterized in previous reports 23, 24 were subcloned into the lentiviral vector pLKO.1. The oligonucleotide sequences used in the construction of the shRNA vector are listed in Table S5 .
| Lentivirus production and transduction
Lentiviruses were generated in 293T cells by cotransfecting 4 plasmids including the lentiviral vector (pLKO-shControl or pLKOshPLD2), pMDLg/pRRE, pRSV-Rev and pMD2.G using Lipofec- goat IgG was added into each well of the upper chamber for cell invasion assays. The dose of the neutralizing antibody for use was determined based on the results of the cell invasion assays at each dose ( Figure S1 ).
| Cell proliferation and invasion assays
The recombinant human ANG was purchased from R&D Systems (AB-265-AN-050). The recombinant was diluted at 10 lg/mL in 0.1% BSA. The concentration of use was determined at 0.5 lg/mL as described previously. 26 The recombinant or control (0.1% BSA)
were added into each well of the upper chamber for cell invasion assays.
| Lipid preparation
The phospholipid 1,2,-dioleyl phosphatidic acid (DOPA) was purchased from Avanti Polar Lipids (840875P, Alabaster, AL, USA). Lipid preparation was carried out as described previously. 27 Briefly, DOPA was prepared from powder in PBS with 0.5% BSA for a final concentration of 1 mmol/L. This solution was sonicated and extruded.
Lipids were added to the cells for a final concentration of 300 nmol/ L for 4 hours. Previous reports have shown that this form of PA is cell soluble. 27 Post-treatment cells were harvested and subjected to quantitative RT-PCR (qRT-PCR).
| Node mouse xenograft assays
Female 6 to 8-week-old Balb/c nude (nu/nu) mice were purchased from Charles River Laboratories Japan (Yokohama, Kanagawa, Japan).
For subcutaneous xenograft assays, 5 9 10 6 cells were injected subcutaneously into the right flanks, and the tumor volumes were measured once a week. After 10 weeks, the animals were killed and the xenograft tumors were excised. Orthotopic xenograft was performed as described previously. 28 After the kidney was exposed, 
| Statistical analysis
Data are expressed as means AE SD. All statistical analysis was performed using JMP 10 software (SAS Institute, Cary, NC, USA). The significance of the differences between the 2 groups was assessed by Student's t test, Fisher's exact test and the Wilcoxon rank sum test. Survival curves were constructed using the Kaplan-Meier method, and the difference between the curves was evaluated using the log-rank test. To identify the prognostic factors for overall survival (OS), PLD2 expression and clinicopathological variables were evaluated by Cox's proportional hazard regression model. Pvalues < .05 were considered statistically significant.
Additional materials and methods are detailed in Data S1. (Table 1) . Similarly, high PLD2 expression was significantly correlated with worse clinical stage and higher tumor grade (Table 2) .
Collectively, these results indicated that higher expression of PLD was related to the disease progression of ccRCC. significantly inhibited the cell proliferation of both cells compared to control siRNA. In contrast, no significant effect was observed in the cell proliferation of cells treated with siRNA against PLD1.
We also evaluated the effect of both proteins on the cell migration by using a Matrigel invasion assay ( Figure 2C (Figures S2,S3) . NFOT, the PLD2-specific inhibitor, suppressed cell invasion effectively as compared with FIPI. These results further supported the findings that PLD2 mainly promotes cell proliferation and invasion in renal cancer cells.
| Knockdown of PLD2 in clear cell renal cell carcinoma cells suppresses tumor growth and invasion in vivo
Next, we examined the roles of PLD2 in the tumor progression of ccRCC in vivo. For this purpose, SKRC52 cells with stably knockeddown PLD2 were established using 2 different shRNA (#1 and #2) and both successfully reduced the level of PLD2 without affecting that of PLD1 ( Figure 3A) . Importantly, the shRNA-mediated knocking down of PLD2 suppressed the tumor growth when the cells were implanted subcutaneously ( Figure 3B ). We also examined the Ki-67 index in xenograft tumors infected with scramble or PLD2 shRNA, and it was revealed that SKRC52/PLD2 shRNA cells exhibited a significantly lower Ki-67 index than did SKRC52/scramble cells (Figure 3C) . These results further supported the possibility that PLD2
augmented the tumor growth in vivo. Then, we performed ortho- Whole-cell extracts were analyzed by immunoblotting using the indicated antibodies. B, Analysis of cell proliferation by MTT assay after transfection with siRNA. C, Analysis of cell invasion ability using a Matrigel invasion assay after transfection with siRNA. Pvalue was assessed by Student's t test (*P < .05, **P < .01, ***P < .001) tumors implanted in an orthotopic site revealed that SKRC52/PLD2
shRNA cells hardly invaded into normal tissue, although SKRC52/ scramble cells extensively infiltrated into the parenchyma of the normal kidney ( Figure 3D ). These results indicate that PLD2 augmented the cell invasion ability in those cells in vivo.
| Elevated expression of PLD2 is associated with poor prognosis in clear cell renal cell carcinoma
Based on the above results, we examined the association between the expression of PLD2 and the prognosis of patients to elucidate the clinical impact of this protein in ccRCC. A Kaplan-Meier analysis revealed that the high expression of PLD2 was significantly associated with a poor patient prognosis (P = .002, Figure 4A ). We also examined whether PLD2 expression would be an independent RCC prognostic factor. We employed univariate and multivariate Cox regression analyses with clinical stage, grade, microvascular invasion and PLD2 expression. Both univariate and multivariate analyses revealed that PLD2 expression was an independent prognostic marker for RCC patient OS (Table 3) genes involved in angiogenesis and tumor invasion, we identified 12 genes whose expression was altered at least 1.5-fold by both shRNA (Table S6) . Among them, ANG was identified as a gene downregulated by 2 different PLD2 shRNA. This result was confirmed by qRT-PCR analysis using another set of primers and the cell line in SKRC59 ( Figure 5A ). Importantly, the mRNA levels of ANG were elevated in ccRCC as compared with normal kidney ( Figure 5B ).
To clarify the significance of ANG in the invasion ability and tumor metastasis of ccRCC, we examined the effects of this protein in cell invasion by using a Matrigel invasion assay. Inhibiting ANG activity 
| DISCUSSION
Phospholipase D expression and activity have been previously reported to be elevated in various human cancers such as colorectal, gastric, breast and kidney cancers when compared with adjacent non-cancer tissues. 12, 19, 29 The elevated expression of PLD2 was correlated with poor prognosis in colorectal cancer. 29 Moreover, previous studies demonstrated that PA produced by PLD promoted cancer proliferation, invasion and metastasis by various activated cell signaling pathways such as AKT and ERK signaling. 6, [14] [15] [16] [17] [18] In the present study, we showed that the elevated expression of PLD2 was associated with poor prognosis, and that PLD2 ablation and PLD2 small-molecule inhibitors suppressed the cell proliferation and invasion of renal cancer cells in vitro. We also revealed that PLD2 knockdown inhibited tumor growth and invasion using human renal cancer subcutaneous and orthotopic xenograft models. In keeping with previous reports, we confirmed that PLD2 regulated the phosphorylation of AKT and ERK in human renal cancer cells ( Figure S4 ). These findings suggest that AKT and ERK signaling activated by PLD2-produced PA might contribute to promoting tumor progression in ccRCC.
In the present study, we focused on ANG as the downstream target of PLD2 in genes related to angiogenesis and tumor invasion based on the results of PCR-array analysis. ANG, a 14-kDa member of the pancreatic ribonuclease superfamily, was originally isolated from the conditioned medium of HT-29 human colon adenocarcinoma cells. 30 ANG is a multifunctional secreted protein, which has been previously reported to play important roles in proliferation, invasion and metastasis coupled with the mediation of angiogenesis in several types of human cancer. [31] [32] [33] [34] Yoshioka et al 35 showed that the protein levels of ANG were elevated in human cancers including ccRCC by immunohistochemical analysis. Previous studies further
showed that the levels of serum ANG in patients with ccRCC were elevated in comparison with healthy controls. 36, 37 However, the regulation and potential roles of ANG remain to be elucidated in ccRCC.
In the present study, we revealed for the first time that the production of PA by PLD2 regulated the expression of ANG, and that ANG promoted cell invasion in renal cancer cells.
As shown in Table S6 , we also identified collagen type VIII (Table 1) , we examined the roles of PLD1 in the regulation of ANG. In fact, it was revealed that the expression of ANG was suppressed by the knockdown of PLD1 ( Figure S7 ). We also examined the abundance of this protein in the metastatic sites and compared it with that in the primary sites.
However, the protein expression levels of PLD1 in the metastatic sites were not significantly elevated compared with the primary sites in our series of RCC samples ( Figure S8 ). Collectively, PLD2 might play main roles in the tumor metastasis of ccRCC among 2 different PLD.
In the present targeted therapies for metastatic RCC, tyrosine kinase inhibitors (TKI) suppress the downstream targets of hypoxiainducible factor (HIF) pathways such as VEGF and PDGF receptors.
Although the tumor volume is decreased by TKI, there are few curable patients. As shown in the present study, PLD2 promoted a variety of cancer progression-related signaling in renal cancer cells. In addition, the expression of PLD2 was higher in microvascular invasion and in the metastatic sites of patients with ccRCC. Therefore, PLD2 is a new potential target of treatment for metastatic RCC. The development of targeting PLD isoenzymes with small molecule inhibitors has steadily proceeded from 2000s since PLD family members were implicated in a variety of human diseases such as viral infections, neurodegeneration and cancer. 40 Although there remain some problems such as off-target activity and PLD isoform selectivity in F I G U R E 5 PLD2 promotes cell invasion through the regulation of ANG in SKRC52 and SKRC59 cells. A, Evaluation of the mRNA expression of ANG of SKRC52 and SKRC59 cells infected with scramble or PLD2 shRNA. P-value was assessed by Student's t test (*P < .05, **P < .01, ***P < .001). B, The mRNA expression of ANG in 52 clear cell renal cell carcinoma (ccRCC) patients. P-value was assessed by Wilcoxon rank sum test. C, Analysis of cell invasion ability after treatment with ANG-neutralized antibody to control IgG. P-value was assessed by Student's t test (*P < .05, **P < .01, ***P < .001). D, Analysis of cell invasion ability after treatment with recombinant human ANG protein to control (0.1%BSA). P-value was assessed by Student's t test (*P < .05, **P < .01, ***P < .001). E, The effect of PA on the mRNA expression of ANG in SKRC52 and SKRC59 infected with PLD2 shRNA. P-value was assessed by Student's t test (*P < .05, **P < .01, ***P < .001) PLD inhibitors, new efficacious PLD2 inhibitors for metastatic RCC might emerge in future.
In conclusion, we revealed that the elevated expression of PLD2 was associated with a poor prognosis and promoted tumor growth and invasion in ccRCC. We also demonstrated the new finding that PLD2-PA-ANG signaling promotes cell invasion in renal cancer cells.
Our results provide the first evidence that targeting PLD2 is a good candidate for future therapeutic and clinical applications against metastatic RCC. 
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